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Abstract This study examined how explicit advance
knowledge might influence adaptive behavior to visual
occlusions. Catching performance and kinematics of good
ball catchers were compared between no, early and late
occlusion trials. Discrete visual occlusions of 400 ms,
occurring early or late in the ball’s approach trajectory,
were randomly interspersed between no occlusion trials. In
one condition, the presence and type of occlusion were
announced a priori (expected), whereas in another condi-
tion no such information was provided (unexpected).
Expectation of occlusion resulted in an adapted limb
transport and increased grasping time, whereas in the
unexpected condition a higher peak of wrist velocity was
evident for all occlusion conditions. The observed different
adaptations cannot be explained by trial-by-trial adapta-
tions alone and instead provide evidence for the influence
of explicit advance knowledge in the motor response of
interceptive actions.
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Introduction
The human perceptuo-motor system has been shown to
adapt to information-based perturbations in a variety of
tasks, including repetitive (Woodworth 1899; Vince 1948)
and discrete aiming tasks (Keele and Posner 1968; Carlton
1981; Moore 1984; Elliott 1988; Elliott et al. 1995),
grasping (Wing et al. 1986; Winges et al. 2003; Fukui and
Inui 2006), catching (Whiting et al. 1970, 1973; Whiting
and Sharp 1974; Sharp and Whiting 1974, 1975; Lamb and
Burwitz 1988; Lacquaniti and Maioli 1989; Mazyn et al.
2007b; Dessing et al. 2009) and hitting (Marinovic et al.
2009; van Soest et al. 2010). Imposing such perturbations
in experimental settings influences factors such as move-
ment preparation, as well as underlying control processes
that are responsible for adaptations in kinematics as the
movement unfolds (Elliott and Lee 1995; van der Kamp
et al. 1997; Schenk et al. 2004).
However, while it is clear that the availability of sensory
information (e.g., full vision vs. occluded vision) during a
trial influences motor behavior, Zelaznik et al. (1983)
showed that expectancy regarding the upcoming sensory
information is an important source of advance information.
Zelaznik et al. found that when trials are received in
blocked order and hence there is a clear expectation
regarding the sensory information, aiming movements
under a full vision condition were performed with a higher
spatial accuracy compared to a visual occlusion condition.
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However, this difference decreased when trials were
received in random order. The implication is that partici-
pants were able to use advance knowledge to plan to take
advantage of vision when available. Subsequently, it was
confirmed that participants also adopt different movement
strategies depending on their advance knowledge. For
instance, movement kinematics are consistent with an
optimized use of visual feedback when an occlusion is
expected, compared to a default strategy when occlusion
and no occlusion of vision are equally likely (Jakobson and
Goodale 1991; Khan et al. 2002; Hansen et al. 2006).
Neural evidence for the influence of advance knowledge
has been shown in motor learning (Willingham et al. 2002).
Being explicitly aware of a repeating sequence activates
additional brain areas in the posterior parietal, superior
parietal and dorsal prefrontal cortex.
A somewhat different interpretation of differences
between movement kinematics and outcome when trials
are performed in blocked compared to random order is
necessary if one suggests that the visuomotor system is
cognitively impenetrable (Song and Nakayama 2007;
Whitwell et al. 2008). As an alternative, these authors
attributed differences between blocked-order and random-
order reaching and grasping to trial-by-trial adaptations. In
a catching task, Dessing et al. (2009) showed that early
occlusion (i.e., vision occluded for approximately the ini-
tial third of flight time) only had an effect when trials were
presented in random order. The lack of effect on movement
kinematics when trials were presented in blocked order was
suggested to result from trial-by-trial adaptations in the
visuomotor gain rather than velocity gain. In other words,
because participants tried to catch the ball, they were able
to adapt visuomotor gain after the previous trial(s), which
proved appropriate for the successive trial(s).
While not intending to refute the possibility of trial-by-
trial adaptations in the aforementioned work, it is important
to consider that trials performed in blocked order also
permit the expression of implicit advance knowledge
regarding the upcoming availability of information (Tijtgat
et al. 2010). The present study, therefore, compared trials
received only in a random order, either with or without
explicit advance knowledge (see Button et al. 2002 for a
comparable design). In this way, the study was designed to
determine the influence of explicit advance knowledge
when the possibility of trial-by-trial adaptations was min-
imized. It was hypothesized that providing explicit advance
knowledge regarding an upcoming visual occlusion (i.e.,
early or late) would enable participants to prepare a
response optimized to the available information. Specifi-
cally, it was expected that for the transport phase of
catching, participants would respond with an earlier
movement onset, in combination with an earlier and
retreated wrist displacement (Button et al. 2002; Mazyn
et al. 2007b). In the grasping phase, a greater peak hand
aperture was expected as this increases the safety margin
and thereby the likelihood of making a successful catch.
However, no change in the timing of the grasp was pre-
dicted as this has previously been shown to be robust
against visual occlusion (Mazyn et al. 2007b). In the
absence of explicit advance knowledge, it was hypothe-
sized that participants would respond initially with a
default control strategy irrespective of the presence and
duration of visual occlusion (Jakobson and Goodale 1991;
Khan et al. 2002; Hansen et al. 2006; Mazyn et al. 2007b).
Methods
Participants
Twenty male, self-declared right-handed participants
(mean age: 22.5 ± 2.2 years) with normal or corrected-to-
normal vision gave their written informed consent for the
experiment, which was approved by the Ethical Committee
of the host University. They had experience in some form
of ball sport (i.e., soccer, basketball and volleyball) and
obtained a catching score of at least 17 out of 20 balls in a
pretest (ball speed: 10.62 m/s).
Task and apparatus
Before each catching trial, participants were asked to stand
still in a relaxed position with their feet parallel and the
thumb of the right hand holding a switch located on the
right thigh. Yellow, mid-pressured tennis balls were laun-
ched at a distance of 10 m from the participant’s frontal
plane by a ball-projection machine (Promatch/Mubo B.V.,
Gorinchem, The Netherlands) with an average ball speed of
10.62 ± 0.12 m/s, resulting in an average ball flight time
of 942 ± 11 ms to the participant’s frontal plane. The
initial height of the ball machine and launch angle was
adjusted so that the balls arrived above the participant’s
right shoulder with a spatial standard deviation of no more
than 13 cm. An optoelectric device was mounted at the exit
of the ball machine to detect the time of ball release. To
minimize auditory anticipation of the moment of ball
release, participants listened to instrumental music played
through headphones.
Visual occlusions were achieved with a pair of PLATO
liquid–crystal occlusion goggles (Translucent Technolo-
gies, Inc., Toronto, Ontario, Canada). The goggles were
interfaced with a PC that regulated the duration of the
transparent and opaque states of the lenses. For early visual
occlusion trials, the goggles were open for the first 200 ms
after ball release, then closed for 400 ms and finally open
again until the next trial. For late visual occlusion trials, the
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goggles were open for the first 600 ms and then closed for
the remainder of ball flight (i.e., approximately 350 ms
depending on the exact location of the ball–hand contact).
The goggles were returned to the open state between each
trial. The goggles stayed open for the first 10 trials and the
interspersed trials without occlusion. The catching move-
ment with the right arm was tracked with a 3D motion
analysis system (Qualisys AB, Gothenburg, Sweden)
operating at 240 Hz. Eight infrared cameras were used to
register the position of reflective markers that were
attached with adhesive tape on the following key locations:
shoulder (sulcus intertubercularis of the humerus), elbow
(epicondylus lateralis and medialis of the humerus), wrist
(processus styloideus of radius and ulna) and hand (phalanx
distalis of index and digitus minimus). The switch attached
to the lateral side of the participant’s right thigh was
pressed with the thumb of the catching hand in preparation
of each trial. The release of the switch generated an analog
signal that provided information of the initiation of the
catching movement. A microphone was mounted on the
forearm near the participant’s wrist and was used to record
an audio signal that enabled the moment of ball–hand
contact to be derived.1
Experimental design and procedure
The experimental design consisted of two phases that were
received in fixed order. The first phase comprised of blocks
of trials in which participants were given advance knowl-
edge about the availability of visual information during ball
flight (expected condition). Participants were given a
written instruction from an experimenter before each trial
on the type of occlusion that could be expected no occlu-
sion (no), an early occlusion (early) or a late occlusion
(late). In the second phase, no explicit advance knowledge
was provided (unexpected condition), leaving participants
to respond to an occlusion as and when it occurred. Both
experimental phases comprised of familiarization trials
followed by test trials. During familiarization, participants
were required to perform the catching task under randomly
assigned early or late visual occlusions until a criterion of 7
successful catches out of 10 was achieved for each occlu-
sion. This criterion was used to insure that each participant
was sufficiently familiarized to the experimental condition
and was reached at on average 46 trials in the advance
knowledge phase and 26 trials in the phase without
advance knowledge. Participants then completed 10 trials
with no occlusion, followed by 55 no occlusion trials with
10 early and 10 late occlusion trials randomly interleaved
(N = 85 test trials); for a similar design see Button et al.
(2002).
Apart from differences in prior instruction (i.e., advance
knowledge or no advance knowledge) between the two test
phases, every trial followed the same procedure. Before the
ball was launched, the participant looked at the experi-
menter. After a signal from the experimenter (i.e., raising
of the right-hand thumb), the participant focused his gaze
on the ball machine and was aware that a ball would soon
be released. Participants were instructed to catch as many
balls as possible. Trials in which the experimenter reported
that there was a major deviation of the normal flight path
(only 1.08% of all trials) were not examined but retaken
after each session.
Dependent measures and data analysis
Catching performance was evaluated using the number of
successful catches for each occlusion (no/early/late) and
each expectancy condition (expected–unexpected).
Although we attempted to control for learning within and
between experimental phases by providing a familiariza-
tion phase, it was decided to further minimize possible
learning effects by restricting the kinematical analysis to a
specific subset of trials. To this end, we selected the last
five trials for each of the expected occlusion conditions
and the first five trials for each of the unexpected
occlusion conditions. Five no occlusion trials were
selected according to a criterion that minimized any
potential sequence and/or carry-over effects from a pre-
ceding occlusion trial. Specifically, the selected no
occlusion trials always preceded an early or a late
occlusion trial but could not be preceded by another
occlusion trial. The selected trials were subjected to a
kinematic analysis, which was completed using proprie-
tary motion analysis software (Visual 3D v4.82.0,
C-motion Inc., Gaithersburg, MD, USA). The marker
position data were filtered using a second-order recursive
low-pass Butterworth filter (cut off at 10 Hz). Subse-
quently, the following kinematic variables were derived
from the time-synchronized analog signals of the opto-
electronic trigger, thigh-located switch and microphone,
in combination with the 3D coordinates of the markers
positioned on the catching arm and hand:
Transport variables:
• Latency time (LT, in ms): time between ball appear-
ance and release of the thigh-located switch (movement
onset).
• Movement time (MT, in ms): time between release of
the thigh-located switch and ball–hand contact.
1 If this analog signal failed to detect the moment of ball–hand
contact, it was derived from the 3D visual reconstruction of the
catching movement in the Qualisys software program. A clearly
visible sudden jerky backward movement of the index and thumb
marker as a consequence of the ball impact was recognized as the
moment of contact (Mazyn et al. 2007a).
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• Displacement of the wrist (DxW, in cm): distance
between the position of the wrist at movement onset
and ball–hand contact in the anterior–posterior axis
(X-axis).
• Peak Wrist Velocity (PWV, in m/s): first peak of the
wrist velocity during the catching action (the momen-
tary wrist velocity was calculated as the resultant of the
velocities in the x-, y- and z-axis).
• Time To Peak Wrist Velocity (T_TO_PWV, in ms):
time between movement onset and the moment of peak
wrist velocity.
Grasping variables:
• Peak of Hand Aperture (PHA, in cm): maximum linear
distance between thumb and index during the unfolding
of the catch.2
• Grasping time (GT, in ms): time between maximum
hand aperture and ball–hand contact.
Given the likely deviation from normal distribution for
near maximal performance (especially for no occlusion
trials), Friedman’s tests were conducted on the catching
performance scores, with Wilcoxon signed-rank post hoc
tests (Sidak step-down-adjusted P values).
The trials selected for the kinematical analysis were
submitted to a linear mixed model (variance components
was the selected variance structure) with three fixed factors
(expectancy, occlusion and trial number) and a random
factor (subject). Significant main and interaction effects
of expectancy and occlusion were further analyzed
using adjusted least significant differences (LSD) tests
(P \ 0.05).
Results
As expected, having completed the familiarization ses-
sions, 92.65% of all balls were caught in the test phase.
However, in spite of the high catching scores, there was a
significant effect of occlusion for both expected
(v2,20
2 = 32.39, P \ 0.001) and unexpected (v2,20
2 = 15.40,
P \ 0.001) condition. Participants caught more balls (9.70
out of 10) in trials with no occlusion compared to both
early and late occlusion trials (on average 7.8 balls out of
10, P \ 0.005). There were no significant differences
between the expected and the unexpected condition.
Importantly, in almost all trials in which the ball was not
caught, there was a clear ball–hand contact, which indi-
cates that gross spatial positioning was well maintained.
Table 1 shows the group means and inter-participant
standard deviations of transport and grasping variables.
Main and interaction effects of expectancy and occlusion
for each variable are also presented. Importantly, no effects
of trial number were observed, which implies that the
effects of expectancy presented in Table 1 most likely were
not due to learning across the experiment.
Expectancy
A main effect of expectancy was observed for DxW, an
effect that was superseded by an interaction with occlusion
(see below). There was also a main expectancy effect for
PWV (see Table 1). Participants had a higher maximal
wrist velocity in the unexpected condition (P \ 0.001)
compared to the expected condition. No other main effects
of expectancy were found.
Occlusion
All kinematic variables showed a significant main effect of
occlusion. Occlusion resulted in adaptations in the trans-
port and grasping phase of the catching movement. These
effects are summarized in Table 1. Importantly, however,
some of these occlusion effects were superseded by an
interaction with expectancy (see below).
Expectancy by occlusion
In the transport phase, a significant interaction effect was
found for DxW and T_TO_PWV. The expectation of a late
occlusion resulted in ball–hand contact being positioned
3.8 cm further forward compared to an expected no
occlusion (P \ 0.001), while in the unexpected condition,
the hand was put forward as if a late occlusion was
expected (35 cm), with no significant differences between
no and late occlusion trials (see Fig. 1). The expectation of
a late occlusion also resulted in an 18 ms shorter
T_TO_PWV as compared to an expected no occlusion
(P \ 0.005), whereas T_TO_PWV was the same for both
no and late occlusion trials in the unexpected condition.
With respect to the grasp kinematics, the timing of the
peak of hand aperture (GT) was characterized by a sig-
nificant interaction effect between expectancy and occlu-
sion. GT was longer for the early occlusion trials than for
no occlusion trials in the expected as well as the unex-
pected condition (P \ 0.001). Late occlusion trials, how-
ever, differed between expectancy condition (P \ 0.001),
with GT-values that corresponded to early occlusion trials
in the expected condition and to no occlusion trials in the
unexpected condition.
2 For most of the participants, a clear peak near the end of the catch
characterized hand aperture. However, 5 participants had a plateau
shape or a double peak. PHA was then corrected so that it reflects the
start of the grasping phase (i.e., a second peak) at the final closure of
the hand.
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Discussion
The aim of the present experiment was to elucidate whether
and how the human motor system adapts to visual infor-
mation of an approaching object that is expectedly or
unexpectedly perturbed, early or late during its trajectory.
The main findings of this study reveal that the observed
adaptations to visual occlusions differed when participants
were aware in advance of the impending visual condition
(i.e., whether there would be an early, late or no visual
occlusion).
In contrast to our predictions, movement onset was not
affected by the explicit advance knowledge of an upcoming
occlusion. However, during the unfolding of the catching
movement, there were significant differences between the
expected and unexpected condition, although these mostly
depended on the visual information available (i.e., inter-
action effect, see below). An exception was the slightly
higher wrist velocity peak for the unexpected condition
compared to expected condition (see also Daum et al.
2007). In the absence of advance knowledge, such an
observed adaptive response is suggested to give increased
opportunities to overcome an uncertain situation (Tijtgat
et al. 2010).
Compared to when no occlusion was expected, peak of
the wrist velocity was reached earlier and forward dis-
placement of the wrist (DxW) was increased when it was
known in advance (i.e., expected late), or there was
uncertainty (i.e., unexpected no and late) that there would
be a late occlusion (i.e., goggles would or could be
occluded from 600 ms after release until the final catch).
A different strategy was evident in early occlusion trials,
where a time-buying strategy was evident in the gross
motor orientation of the hand, irrespective of advance
knowledge. Indeed, when vision was occluded between
200 and 600 ms after release, participants located the wrist
earlier and closer to the body, which delayed ball–hand
contact and thereby increased the time that the ball was
visible toward the end of the trial (Fig. 1, see also the
increased MT). Such an adaptive strategy enabled
Table 1 Means and standard deviations (SD) of catching performance together with transport and grasp variables for the three visual occlusions
(no/early/late) under the expected and unexpected condition
Expected Unexpected Expectancy 9 occlusion Expectancy Occlusion
No Early Late No Early Late F-value (df) P F-value (df) P F-value (df) P
Transport variables
LT (ms)
Mean 290 290 300 291 287 298 0.258 (2) 0.773 0.195 (1) 0.659 4.686 (2) 0.010*
SD 50 74 83 71 72 82
MT (ms)
Mean 596 605 581 592 607 588 1.025 (2) 0.359 0.091 (1) 0.763 14.773 (2) 0.000***
SD 52 72 79 72 73 83
DxW (cm)
Mean 32.71 25.31 36.51 35.37 28.05 35.02 7.443 (2) 0.001** 6.435 (1) 0.011* 118.380 (2) 0.000***
SD 7.46 9.25 8.42 8.54 9.62 8.35
PWV (m/s)
Mean 3.05 3.09 3.29 3.27 3.20 3.34 2.455 (2) 0.087 16.283 (1) 0.000*** 12.246 (2) 0.000***
SD 0.41 0.68 0.68 0.71 0.73 0.80
T_TO_PWV (ms)
Mean 230 197 211 215 204 216 4.321 (2) 0.014* 0.106 (1) 0.745 15.502 (2) 0.000***
SD 66 54 76 57 57 64
Grasping variables
PHA (cm)
Mean 11.95 13.03 12.40 12.11 13.00 12.42 1.646 (2) 0.194 1.268 (1) 0.261 183.045 (2) 0.000***
SD 1.36 1.30 1.27 1.37 1.27 1.33
GT (ms)
Mean 42 49 50 43 53 40 12.784 (2) 0.000*** 2.376 (1) 0.124 18.639 (2) 0.000***
SD 17 20 17 17 24 15
Statistical main and interaction effects of occlusion and expectancy condition for every dependent variable
*** P \ 0.001; ** P \ 0.01; * P \ 0.05
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participants to take advantage of online control processes
and thus minimize any errors that resulted from not having
access to vision during the early occlusion.
In the grasping phase, the greater peak hand aperture for
occlusion trials corroborates earlier research (Wing et al.
1986; Jakobson and Goodale 1991; Fukui and Inui 2006;
Mazyn et al. 2007b; Whitwell et al. 2008; Whitwell and
Goodale 2009), which has suggested that increased peak
aperture reflects the use of a safety margin when vision is
occluded. In the current study, hand aperture was pre-
sumably increased in early and late occlusion trials because
participants had restricted access to important visual
information from ball flight. Differences in grasping time
as a function of early occlusions were consistent with those
of peak aperture and reflected the increased time needed to
close the hand when it was opened wider. Also, an influ-
ence of advance knowledge on grasping time was observed
for late occlusion trials. Grasping time was longer when a
late occlusion was announced a priori. However, when
such a late occlusion could not be anticipated, specific
adaptations of the timing of the grasp were lacking so that
grasping time was equal to trials with no occlusion (see
Table 1). Such adaptations to the grasping phase of
catching contrast with previous work that has reported
invariant timing across various task constraints (Savels-
bergh et al. 1991, 1993; Laurent et al. 1994; Bennett et al.
1999; Mazyn et al. 2006; Tijtgat et al. 2010), as well as in
the face of perturbations (Polman et al. 1996; Button et al.
2000; Mazyn et al. 2007b), although it has been previously
reported at individual level (Button et al. 2000, 2002).
Taken together, the observed differences between
expected and unexpected occlusion trials suggest an
influence of explicit advance knowledge on movement
execution. This interpretation challenges the suggestion of
a visuomotor system that is mainly regulated by trial-by-
trial adaptations with only a marginal influence of explicit
advance knowledge (de Lussanet et al. 2002; Song and
Nakayama 2007; Whitwell et al. 2008, 2009). Notwith-
standing the undeniable adaptive process based on previous
trials (Scheidt et al. 2001; Zago et al. 2010), it is our
contention that explicit (i.e., conscious or declarative)
advance knowledge can also exert an influence on the
human perceptuo-motor system (Willingham et al. 1989;
Willingham 1998). Accordingly, both trial-by-trial adap-
tations and cognition could affect kinematics on the current
trial (Bennett et al. 2010), although this is likely to be
influenced by the specific task constraints (i.e., duration
and locus of occlusion, nature of eye movements required
to track the approaching ball). Indeed, while a common
neural network has been identified for procedural and
declarative learning, additional brain regions (i.e., posterior
parietal, superior parietal and dorsal prefrontal cortex) have
been shown to be activated when explicit advance
(declarative) knowledge was provided in sequence learning
(Willingham et al. 2002).
Summary and implications
This study showed that explicit advance knowledge
regarding the upcoming availability of visual information
influences the adaptive behavior. Such findings are not
consistent with a simple prior history effect (i.e., trial-by-
trial adaptation), since this would not predict consistent
differences between expectancy conditions. Indeed, in the
current study, prior task history was equal for both condi-
tions (randomly assigned occlusion trials). Therefore, the
current results add to the call to consider expectancy as an
important constraint on movement systems (Davids and
Button 2000, p. 515). In this way, a tennis players’ fast
reaction will be affected by the advance knowledge of the
opponents preferred shooting direction, just like someone’s
walking pattern will change when a slippery floor is
announced before (see also Marigold and Patla 2002). As
such, expectancy should not be disregarded in future
experimental methodologies.
Fig. 1 Mean trajectory of the wrist in the XZ-plane (X-axis represents
the anterior–posterior axis and Z-axis the vertical axis) of participant
JS for each occlusion (no/early/late) and expectancy (E expected and
U unexpected)
488 Exp Brain Res (2011) 214:483–490
123
Acknowledgments The authors are grateful to Cindy Lowyck and
Arnout Sercu for their help in data collection. We also thank two
anonymous reviewers for their helpful comments on earlier versions
of this paper.
References
Bennett S, van der Kamp J, Savelsbergh GJP, Davids K (1999)
Timing a one-handed catch I. Effects of telestereoscopic
viewing. Exp Brain Res 129:362–368
Bennett SJ, de Xivry JJO, Lefevre P, Barnes GR (2010) Oculomotor
prediction of accelerative target motion during occlusion: long-
term and short-term effects. Exp Brain Res 204:493–504
Button C, Davids K, Bennett SJ, Taylor MA (2000) Mechanical
perturbation of the wrist during one-handed catching. Acta
Psychol 105:9–30
Button C, Davids K, Bennett SJ, Savelsbergh GJP (2002) Anticipa-
tory responses to perturbation of co-ordination in one-handed
catching. Acta Psychol 109:75–93
Carlton LG (1981) Processing visual feedback information for move-
ment control. J Exp Psychol Hum Percept Perform 7:1019–1030
Daum MM, Huber S, Krist H (2007) Controlling reaching movements
with predictable and unpredictable target motion in 10-year-old
children and adults. Exp Brain Res 177:483–492
Davids K, Button C (2000) The cognition-dynamics interface and
performance in sport. Int J Sport Psychol 31:515–521
de Lussanet MHE, Smeets JBJ, Brenner E (2002) The relation
between task history and movement strategy. Behav Brain Res
129:51–59
Dessing JC, Wijdenes LO, Peper CE, Beek PJ (2009) Adaptations of
lateral hand movements to early and late visual occlusion in
catching. Exp Brain Res 192:669–682
Elliott D (1988) The influence of visual target and limb information
on manual aiming. Can J Exp Psychol 42:57–68
Elliott D, Lee TD (1995) The role of target information on manual-
aiming bias. Psychol Res 58:2–9
Elliott D, Chua R, Pollock BJ, Lyons J (1995) Optimizing the use of
vision in manual aiming—the role of practice. Q J Exp Psychol
48:72–83
Fukui T, Inui T (2006) The effect of viewing the moving limb and
target object during the early phase of movement on the online
control of grasping. Hum Mov Sci 25:349–371
Hansen S, Glazebrook CM, Anson JG, Weeks DJ, Elliott D (2006)
The influence of advance information about target location and
visual feedback on movement planning and execution. Can J Exp
Psychol 60:200–208
Jakobson LS, Goodale MA (1991) Factors affecting higher-order
movement planning: a kinematic analysis of human prehension.
Exp Brain Res 86:199–208
Keele SW, Posner MI (1968) Processing of visual feedback in rapid
movements. J Exp Psychol 77:155–158
Khan MA, Elliott D, Coull J, Chua R, Lyons J (2002) Optimal control
strategies under different feedback schedules: kinematic evi-
dence. J Mot Behav 34:45–57
Lacquaniti F, Maioli C (1989) Adaptation to suppression of visual
information during catching. J Neurosci 9:149–159
Lamb KL, Burwitz L (1988) Visual restriction in ball-catching: a re-
examination of early findings. J Hum Mov Stud 14:93–99
Laurent M, Montagne G, Savelsbergh GJP (1994) The control and
coordination of one-handed catching—the effect of temporal
constraints. Exp Brain Res 101:314–322
Marigold DS, Patla AE (2002) Strategies for dynamic stability during
locomotion on a slippery surface: effects of prior experience and
knowledge. J Neurophysiol 88:339–353
Marinovic W, Plooy AM, Tresilian JR (2009) The Utilisation of
visual information in the control of rapid interceptive actions.
Exp Psychol 56:265–273
Mazyn LIN, Montagne G, Savelsbergh GJP, Lenoir M (2006)
Reorganization of catching coordination under varying temporal
constraints. Mot Control 10:143–159
Mazyn LIN, Lenoir M, Montagne G, Savelsbergh GJ (2007a) Spatial
and temporal adaptations that accompany increasing catching
performance during learning. J Mot Behav 39:491–502
Mazyn LIN, Montagne G, Savelsbergh GJP, Lenoir M (2007b)
Planning and on-line control of catching as a function of
perceptual-motor constraints. Acta Psychol 126:59–78
Moore SP (1984) Systematic removal of visual feedback. J Hum Mov
Stud 10:165–173
Polman RCJ, Whiting HTA, Savelsbergh GJP (1996) The spatiotem-
poral structure of control variables during catching. Exp Brain
Res 109:483–494
Savelsbergh GJP, Whiting HTA, Bootsma RJ (1991) Grasping Tau.
J Exp Psychol Hum Percept Perform 17:315–322
Savelsbergh GJP, Whiting HTA, Pijpers JR, Van Santvoord AAM
(1993) The visual guidance of catching. Exp Brain Res
93:148–156
Scheidt RA, Dingwell JB, Mussa-Ivaldi FA (2001) Learning to move
amid uncertainty. J Neurophysiol 86:971–985
Schenk T, Mair B, Zihl J (2004) The use of visual feedback and on-
line target information in catching and grasping. Exp Brain Res
154:85–96
Sharp RH, Whiting HTA (1974) Exposure and occlude duration
effects in a ball-catching skill. J Mot Behav 6:139–147
Sharp RH, Whiting HTA (1975) Information-processing and eye
movement behaviour in a ball catching skill. J Hum Mov Stud
1:124–131
Song JH, Nakayama K (2007) Automatic adjustment of visuomotor
readiness. J Vis 7:1–9
Tijtgat P, Bennett SJ, Savelsbergh GJP, De Clercq D, Lenoir M
(2010) Advance knowledge effects on kinematics of one-handed
catching. Exp Brain Res 201:875–884
van der Kamp J, Savelsbergh G, Smeets J (1997) Multiple
information sources in interceptive timing. Hum Mov Sci
16:787–821
van Soest AJ, Casius LJR, de Kok W, Krijger M, Meeder M, Beek PJ
(2010) Are fast interceptive actions continuously guided by
vision? Revisiting Bootsma and van Wieringen (1990). J Exp
Psychol Hum Percept Perform 36:1040–1055
Vince MA (1948) Corrective movements in a pursuit task. Q J Exp
Physiol Cogn Med Sci 1:85–103
Whiting HTA, Sharp RH (1974) Visual occlusion factors in a discrete
ball-catching task. J Mot Behav 6:11–16
Whiting HTA, Gill EB, Stephenson JM (1970) Critical time intervals
for taking in flight information in a ball-catching task.
Ergonomics 13:265–272
Whiting HTA, Alderson GJK, Sanderson FH (1973) Critical time
intervals for viewing and individual differences in performance
of a ball-catching task. Int J Sports Q 4:155–164
Whitwell RL, Goodale MA (2009) Updating the programming of a
precision grip is a function of recent history of available
feedback. Exp Brain Res 194:619–629
Whitwell RL, Lambert LM, Goodale MA (2008) Grasping future
events: explicit knowledge of the availability of visual feedback
fails to reliably influence prehension. Exp Brain Res 188:
603–611
Willingham DB (1998) A neuropsychological theory of motor skill
learning. Psychol Rev 105:558–584
Willingham DB, Nissen MJ, Bullemer P (1989) On the development
of procedural knowledge. J Exp Psychol Learn Mem Cogn
15:1047–1060
Exp Brain Res (2011) 214:483–490 489
123
Willingham DB, Salidis J, Gabrieli JDE (2002) Direct comparison of
neural systems mediating conscious and unconscious skill
learning. J Neurophysiol 88:1451–1460
Wing AM, Turton A, Fraser C (1986) Grasp size and accuracy of
approach in reaching. J Mot Behav 18:245–260
Winges SA, Weber DJ, Santello M (2003) The role of vision on
hand preshaping during reach to grasp. Exp Brain Res
152:489–498
Woodworth RS (1899) The accuracy of voluntary movement. Psychol
Rev 3:1–114
Zago M, Iosa M, Maffei V, Lacquaniti F (2010) Extrapolation of
vertical target motion through a brief visual occlusion. Exp Brain
Res 201:365–384
Zelaznik HN, Hawkins B, Kisselburgh L (1983) Rapid visual
feedback processing in single-aiming movements. J Mot Behav
15:217–236
490 Exp Brain Res (2011) 214:483–490
123
